Based on analysis of the geological background and gas content data in Faer coalfield, we discuss the occurrence characteristics of coalbed methane (CBM) and its distribution along the stratigraphic sequence and in coal seams. We analyze the methane adsorption isotherm experiments, reservoir deformations and mercury intrusion porosimetry (MIP), and further discuss the reservoir physical properties. The results show that gas content and gas content gradient of CBM fluctuate with stratigraphic sequence that is mainly caused by the difference in absorption capacity of each coal seam and distributions of CBM reservoir pressure systems. The relatively low gas content gradients of those coal seams buried below 500 m depth result from the dissipation of CBM into the surrounding rocks of thin and unstable Nos. 28 to 34 coal seams and the lateral migration of CBM along the strata in high-elevation area. The Yangmeishu syncline and topography are the main controlling factors that affect the current distribution pattern of CBM content, which is higher in the north than in the south and has a northeastern trend. The theoretical gas saturation is generally lower than 60%, combined with welldeveloped brittle fractures and macropores, formed by structural deformation. The exploration prospects for CBM in Faer coalfield is good.
INTRODUCTION
The coalbed methane resources are rich in Guizhou province, Southwest China (Qin et al., 2008; Gao et al., 2009a; 2009b) . In recent years, those characteristics have attracted intensive attention and progress was made in identifying the reservoir characteristics and production potentials of multiple coalbed methane reservoirs Li et al., 2010; Cui et al., 2011; Yang et al., 2011a; 2011b; 2011c; Lei et al., 2012) . The exploitation and utilization of CBM will help to relieve the pressure of energy demand in southwest China and reduce the production accidents in coal mines (Cao et al., 2003; Jiang et al., 2009; Li et al., 2011) . The Faer coalfield, with an area of about 92 km 2 , is located in the west of Guizhou province. Coal seams with a total average thickness of 45 m have high gas content, with an average value of 14 m 3 /t. The estimated CBM resource within depths of <1000 m is about 4.3 billion m 3 , which offer very high potential for exploitation. However, development of multiple coal seams (19 mineable coal seams), complex terrain and difference in regional structure affect the characteristic of CBM reservoir formation and complicate the distribution pattern of CBM. In this paper, we investigate the characteristics of CBM occurrence and reservoir based on analysis of gas content data and reservoir physical properties. The results of this study will have significant implications for CBM exploitation and mine safety.
GEOLOGICAL SETTING 2.1. Coal-bearing strata
The exposure strata in the study area are, in ascending order, Emeishan basalt Formation (P 3 β) and Longtan Formation (P 3 l) of the Upper Permian and Feixianguan Formation (T 1 f) and Yongningzhen Formation (T 1 y) of the Lower Triassic and the Quaternary. The Longtan Formation (P 3 l), mainly deposited in delta and tidal flat environment, is a major coal-bearing stratum. It measures between 344 to 487 m thick, and consists of siltstone, fine-grained sandstone, mudstone and 47 to 78 coal seams ( 
, 29
−3 and 33 are mineable coal seams with a total thickness of 26.84 m. Nos. 21 to 33 coal seams, with thin thickness, complex coal seam structure and poor lateral stability of coal seam, are partially mineable. Lean coal and meager coal are the major coal types with maximum vitrinite reflectance ranging from 1.70 to 1.98%. The semibright coal and semidull coal are the dominant macrolithotypes of coal. The characteristics of 19 mineable coal seams and coal qualities are shown in Table 1 .
Geological structure
The study area is situated in the Liupanshui fault basin of the southwestern margin of the Upper Yangtze Platform (Xu and He, 2003) . The regional structure pattern in the area is mainly characterized by the Faer rhombus-shaped structure, outlined by the Gemudi, Tucheng, and Baoshan synclines, and the Gesuohe anticline (Le et al., 1994) . The tight folds and densely developed faults occur in intensely deformed belts along the margin of the Faer rhombus-shaped structure; by comparison, only gentle folds and a few faults develop in the central region. The Faer coalfield is located in the SE limb of the Yangmeishu syncline, in the central part of the Faer rhombus-shaped structure (Fig. 2) . In the Faer coalfield, the Yangmeishu syncline is a major fold that affects the distribution of coal seams. The Malong syncline, the Bajiaotang anticline, and the Faer anticline also affect the attitudes of coal seams locally (Fig. 2) . The coal seams are generally distributed in a NE orientation and dip to the NW, with a dip angle of about 10°-15°. Faults, mainly formed in the Yanshanian Period, are well developed and mainly consist of normal faults with NE and NW orientations (Fig. 3) .
Hydrogeology
The water abundance of Longtan Formation (P 3 l) is week, which is mainly composed of fissure water. It has confined water in some regions. The lower member of overlying Feixianguan Formation (T 1 f 1 ) is nearly waterless and is an aquiclude. The upper member of Feixianguan Formation (T 1 f 2 ) and underlying Emeishan basalt Formation (P 3 β) are also contain a small amount of fissure water, which have week Figure 1 . Detailed stratigraphic column of coal-bearing strata of the Upper Permian in the Faer coalfield.1-Fine-grained sandstone; 2-Siltstone; 3-Mudstone; 4-Coal; 5-Bauxite; 6-Tuff; 7-Basalt.
water abundance and local confined water properties. The weak water abundance and local development of confined aquifer of coal-bearing stratum and its surrounding rocks are favorable for the preservation and enrichment of CBM. The Faer River and Beipanjiang River flow through the study area. The development of complex topography and surface water system inevitably complicate the distribution of coal seam water head and CBM.
MATERIALS AND METHODS
We determined 125 borehole test data of the CBM gas content and gas components, according to desorption method and gas chromatography method that following Chinese Standards GB/T 19559-2004 and GB/T 13610-1992 respectively (Table 2) . These data, as well as data on stratigraphic sequences, coal burial depth, gas pressure, and test boreholes distribution (Fig. 4) , form the basis for our discussion of the occurrence characteristics of CBM and its stratigraphic and spatial distribution.
Y a n g m e is h u s y n c li n e B a j i o a t a n g a n t i c l i n e M a lo n g s y n c li n e F a re a n ti c li n e We collected a total of 14 fresh coal samples from Nos. 1 and 3 mining coal seams, which are currently being mined. Systematic observations and descriptions of the macroscopic deformation features, including bedding, joint, fracture, fold and degree of development, were made on the collected coal samples in the laboratory. Those coal samples were then cut and polished into coal bricks, with three mutually perpendicular smooth surfaces and the main surface parallel to horizontal plane, for microscopic investigation under reflected light. In addition, several small pieces of air-dried coal with a total weight of about 2-3 g, collected from these coal samples, were prepared for MIP measurement, and the pore volume and pore structure were tested with pore diameters tested ranging from 3 nm to 0.15 mm. Methane adsorption isotherm tests on Nos. 1, 3 and 5 −2 coal seams samples (air dried basis, size of 0.17-0.25 mm) were performed at the temperature of 30°C and the pressure of 0.1-5.0 MPa, following Chinese Coal Industry Standard MT/T 752-1997.
RESULTS AND DISCUSSION

Gas content and its distribution
In the Faer coalfield, the gas content of coal is generally high, ranging from 3.94 to 35.94 m 3 /t (dry ash-free basis) and mostly between 7 and 19 m 3 /t (Fig. 5) . The average value of gas content is 13.58 m 3 /t. The CBM is mainly composed of CH 4 , plus some N 2 , CO 2 , and minor constituents. The concentration of CH 4 is in the range of 56.85-99.95%, with an average value of 92.53% (Fig. 5 ). δ 13 C 1 of biogenic gas is usually about −55‰ to −90 ‰, δ 13 C 1 of thermogenetic gas is usaually greater than −50 ‰ ( Smith and Pallasser, 1996; Fu et al., 2007) . δ 13 C 1 in Faer region is −46.20 ‰, which meets the standards of thermogenetic gas (Gui, 2001) .
Distribution across stratigraphic sequence
As present in Fig. 6 , the average gas content in each coal seam is higher than 10 m 3 /t. Those of Nos. 10, 15 −2 , 17, 23 −2 , and 29 −1 coal seams are relatively high, up to 15-19 m 3 /t. Although there is an overall trend that the gas content increases with the deeper of the stratigraphic sequence, it fluctuates significantly with stratigraphic sequence (Fig. 6) . In this study, we define the gas content gradient as Figure 6. Average gas content and gas content gradient of all of coal seams studied. Gas content gradient is defined as gas content increase per 100 m of burial depth.
gas content increase per 100 m of burial depth, with the unit of m 2 /100t (m 3 /t/100 m). The gas content gradient curve of the coal seams has a fluctuating pattern similar to the gas content curve, with its high values in Nos. 10, 12, 17, and 23 −2 coal seams (Fig. 6 ). These observations were previously interpreted as a result of multiple unattached CBM-bearing systems in the vertical section (Qin et al., 2008) . In this interpretation, these coal seams are divided into four unattached CBM-bearing systems, Nos. 1 to 7 coal seams, Nos. 10 to 16 coal seams, Nos. 17 to 23 −1 coal seams, and Nos. 23 −2 to 34 coal seams, with Nos. 10, 17, and 23 −2 coal seams being the boundaries. These boundary coal seams have both local maximum gas contents and maximum gas content gradients. However, the variation in gas content of coal seams in individual boreholes does not show obvious patterns that would support such a division of unattached CBM-bearing systems (Fig. 7) . Considering that coal absorption capacity is also a key factor that influences the gas content of CBM, we suggest that the observed CBM content fluctuation with the stratigraphic sequence can also be explained by the difference in absorption capacity of each coal seam, or a combination of the two factors.
Vertical distribution characteristics
Although the CBM content tends to linear increase with coal burial depth (Fig. 5 ) and the gas content gradient tends to decrease with coal burial depth following the power function (Fig. 8) , there is a significant departure from the trend, mostly lower than the trend value, below 500 m depth (Figs. 5 and 9 ). Borehole test data show that the gas content of coal seams with relatively large burial depth, in the range of 500 to 800 m, is in fact relatively low. The gas content gradient is also lower than the overall trend value in this burial depth (Fig. 9 ). Such observations indicate that geological factors other than the burial depth also played an important role in controlling the CBM content. Zhao et al. described a case, in the Laochang coalfield, where gas content decreases with coal burial depth in the range of 580 to 750 m, suggesting that this is the result of an abnormally high geothermal gradient, mainly 3.1-3.8°C /100 m (Zhao et al., 2010) . In the Faer coalfield, however, the geothermal gradient is only about 1.4-2.4°C/100 m and the reservoir temperature is lower than 35°C. This indicates that the influence of temperature on gas content can be negligible.
Analysis of original test data shows that the relatively low gas content described here appear in the coal seams in Nos. 1012, J1106, J1107, and J1406 boreholes, located in a northwest high-elevation area, and Nos. 33 and 34 coal seams in Nos. J1004 and J1403 boreholes (Fig. 4) . Meanwhile, coal seam gas pressure tests show that the gas pressure gradient of No. 1012 borehole, located at high-elevation area, is lower than those at normal elevation (Fig. 10) . Methane concentrations of these coal seams remain high, with an average value of 96.17% (Fig. 5) , which indicates that coal seams are still in a relatively closed environment. Therefore, the relatively low gas content at depth described here cannot be explained by potential CBM dissipation by connection with the atmosphere. At the bottom of coal-bearing strata, in Nos. 28, 29 −1 , 29 −3 , 33, and 34 coal seams, gas content gradients are relatively low and below the overall average value of 4.59 m 2 /100t (Fig. 9) . This observation appears inconsistent with the relatively high metamorphic grades in these bottom coal seams, as a high metamorphic grade may be expected to cause more methane to be generated in the process of coalification and thus lead to high gas content. We believe that the main reason for low gas content gradients of these bottom coal seams is that the coal seams here are thin with mean thickness of 1.30 m, the lateral stabilities of coal seams are poor, the interlayer spaces between coal seams are large, and the ratio of coal-to-rock thickness is relatively low, which results in that a large amount of CBM diffusing and dissipating into the surrounding rocks of coal seams (Fig. 1) . In addition, it has been reported that oil and natural gas can migrate along an unconformity surface and be stored in the Emeishan basalts (Wang et al., 2006a; Zhang et al., 2006) . Therefore the disconformity and the Emeishan basalt Formation underlying the coal-bearing strata in the study area may also serve as an escaping path and as a reservoir of CBM, respectively. These can explain the decrease in the gas content in the bottom coal seams.
In the high-elevation area in the northwest, precipitous topography results in the lowering of groundwater levels relative to the ground surface. This leads to a relative decrease in reservoir pressure. On the other hand, the seepage of CBM along coal seam is much easier than its vertical diffusion through cap rock. We infer that CBM migrates laterally along the strata to the surface, in topographic lows, after its vertical diffusion through the coal-bearing strata. This leads to a decrease in the effective sealed burial depth. Both of these factors can explain the decrease in the gas content gradient in the high-elevation area.
Lateral distribution characteristics
The lateral distribution of CBM content in the research area is characterized by clear zoning (Fig. 11) . The Faer coalfield is divided into northern and southern areas by the Faer River. The landscape is made up of low, rolling hills in the southern area and precipitous mountains in the northern area. The relative elevation difference Figure 10 . Distribution of gas pressure along coal burial depth.
between the two areas is ~300-400 m (Fig. 5 ). In the southern area, gas content is generally low, lower than 10 m 3 /t except in the central part of the area, where contour lines are widely spaced (Fig. 11) . The presence of coal seam outcrops, which may act as escape paths for CBM, may lead to reduction of CBM content in the eastern and southern parts. Contour lines of gas content closely follow the Beipanjiang River and Faer River in the western and northern parts. The development of these rivers as discharge areas of groundwater causes erosion of the terrain and reduction of groundwater levels, causing CBM content to be relatively low on both sides of the rivers. In addition, well-developed normal faults also restrict the occurrence and enrichment of CBM.
In the northern area, gas contents are generally higher than 15 m 3 /t and the highest gas content is estimated to reach ~35 m 3 /t in the northwest part of the area. Contour lines of gas content are dense. Gas content is relatively low in the northeastern part, which is probably the result of the development of rivers and valleys that reduce burial depth of coal seams. The presence of coal seam outcrops in the eastern part and the Faer River reduce gas content in these areas. The current distribution pattern of CBM content, higher in the north than the south and trending in the NE direction, is mainly controlled by the topography and geological structure. Figure 11. Gas content contour lines of the Nos. 1, 3, 5 −2 and 7 coal seams in Faer coalfield. Gas content in areas without direct data is estimated based on the coal burial depth and gas content gradient. The local are marked with five-pointed star signs.
Reservoir physical properties 4.2.1. Porosity and permeability
The porosity, pore volume, pore area, and pore structure of Nos. 1 and 3 coal seams were determined through MIP measurement on 14 coal samples (Table 3) . Porosity ranges from 4 to 8%, with an average value of 5.16% in No. 1 coal seam and 6.54% in No. 3 coal seam. Based on the standard set by Hotot (1961) , the micro-scale structures of pores can be classified as macropores (pore diameter 1000 nm), mesopores (100-1000 nm), transitional pores (10-100 nm) and micropores (<10 nm). The main pore types of the coal reservoir in this area are micropores, accounting for 41.29 % of the total pore volume on average (Fig. 12 ). This is followed by macropores, whose volume varies significantly from sample to sample and on average account for 24.86 % of the volume. Transitional pores and mesopores account for 20.98 % and 12.86 %, respectively. The volume of mesopores and macropores, with pore diameter larger than 100 nm, varies greatly (Fig. 12 ). This is due to the various degrees of development of structural fractures and cleats. Two or three sets of brittle joints or fractures, with smooth and straight joint planes, are commonly developed in coal reservoirs (Fig. 13) increases coal mass breathability and improves both the pore structure and permeability of coal seams, which enhances migration and dissipation of CBM.
Absorption capacity
Coal absorption capacity determines the reserve capacity and production process of CBM (Wang et al., 2006b; Ding et al., 2012) . Methane adsorption isotherm experiments on Nos. 1, 3, and 5 −2 coal samples were performed (Table 3 and Fig. 14) . Langmuir volume (V L ) is generally about 23.55-27.18 m 3 /t and Langmuir pressure (P L ) is 0.82-0.95 MPa. The theoretical gas saturation (S g ) is calculated as the ratio of gas content divided by Langmuir volume. It is generally lower than 60%, suggesting that these shallow coal seams are mainly undersaturated CBM reservoirs. 
ENERGY EXPLORATION & EXPLOITATION
CONCLUSIONS 1)
CBM in the Faer coalfield is high in gas content, methane concentration and gas content gradient. Its gas content and gas content gradient fluctuate with the stratigraphic sequence that mainly caused by the difference in absorption capacity of each coal seam and distribution of CBM reservoir pressure systems.
2)
The relatively low gas content gradients of those coal seams buried below 500 m depth result from the dissipation of CBM into the surrounding rocks of thin and unstable Nos. 28 to 34 coal seams at bottom and the lateral migration of CBM along the strata in high-elevation area. The Yangmeishu syncline and topography are the main controlling factors that affect the current distribution pattern of CBM content, which is higher in the north than in the south and has a northeastern trend.
3)
The theoretical gas saturation is generally lower than 60%, mainly as undersaturated CBM reservoirs. Combined with well-developed brittle fractures, macropores, and mesopores, which formed by structural deformation. The exploration prospect of Faer CBM is good. 
